Abstract. This paper describes an automated analysis methodology of 3D structures using optimal design system. An automatic finite element mesh generation technique, which is based on fuzzy knowledge processing and computational geometry techniques, is incorporated into the system, together with a commercial FE analysis code, and a commercial solid modeler. Also, with the aid of multilayer neural networks, the present system allows us to obtain automatically a design window in which a number of satisfactory design solutions exist in a multi-dimensional design parameter space. The developed automated FE analysis system is successfully applied to evaluate the molding behavior of PET bottles.
Introduction
The system consists of two main portions. The one is an automated finite element analysis system, while the other is a design window search system using the multilayer neural network [1] . Here the design window means an area of satisfactory solutions in a permissible design parameter space. In practical situations, a design window concept seems design window more useful than on optimized solution obtained under some restricted conditions.
The present author has proposed a new automatic finite element mesh generation method for three-dimensional complex geometry [2, 3] . To efficiency support design processes of practical structures, this mesh generator is integrated with one of commercial finite element analysis code and one of commercial solid modeler. With an aid of multilayer neural networks, the system also allows us to automatically obtain a multi-dimensional design window in which a number of satisfactory design solutions exist. The developed system is applied to evaluate one of practical structures such as PET bottles.
Outline of Systems
The developed finite element analysis system allows designers to evaluate detailed physical behaviors of structures through some simple interactive operations to their geometry models. In other words, designers do not have to deal with mesh data when they operate the system. A flow of analyses using the system is shown in Figure 1 . Each subprocess will be described below.
Definition of Geometry Model
Geometric modelers are utilized to define geometries of analysis domains. One of commercial geometric modelers, Pro-E is employed for 3D solid structures. The advantage of Pro-E is that a wide range of solid shapes from polyhedra to free-form surfaces can be designed in a unified manner. In these modelers, 3D geometric data are stored as a tree structure of domain -surfaces (free-form surfaces such as Bezier or Gregory type surfaces) -edge (B-spline or Bezier type curves) -vertices. 
Node Generation Using Bubble Packing
By this method, bubbles move in a domain until forces between them are stabilized, and Delaunay triangulation is then applied to generate a mesh connecting the nodes defined by the bubble packing. A repulsive or attractive force much like an intermolecular van der Waals force is assumed to exist between two adjacent bubbles. A globally stable configuration of tightly packed bubbles is determined by solving the equation of motion. The novelty of this method is that the close packing of bubbles forms a pattern of Voronoi polygons, corresponding to well-shaped Delaunay triangles. Figure 2 shows the procedure of the bubble packing method. Bubble meshing generates a two-dimensional triangular mesh (a) solving the equation of motion on vertices, edges, and faces (or loops), in that order, and (b) generating a triangular mesh by connecting the center points of the bubbles by Delaunay triangulation. Similar steps are applied to the generation of three-dimensional tetrahedral meshes. In this procedure, the mesh density is needed in order to determine the radius of the bubbles. To handle general bubble spacing, we adopted bubble density distribution function. 
Mesh Generation
The Delaunay triangulation method [4] is utilized to generate tetrahedral elements from numerous nodes given in a geometry. Through the interactive operations mentioned in previous section, an user designates material properties and boundary conditions onto the geometry model. Then these are automatically attached on nodes, edges, faces and volume of elements. Such automatic conversion can be performed owing to the special data structure of finite elements such that each part of element knows which geometry part it belongs to. Finally, a complete FE model consisting of mesh, material properties and boundary conditions is obtained.
Design Window
The design window is a schematic drawing of an area of satisfactory solutions in a permissible multidimensional design parameter space. The design window seems more useful in practical situations than one optimum solution determined under limited consideration. Among several algorithms, the Whole-area Search Method (WSM) [4] is employed here. As shown in Figure 3 , a lattice is first generated in the design parameter space that is empirically determined by a user. All the lattice points are then examined one by one whether they satisfy design criteria or not. The WSM is the most flexible and robust, but the number of lattice points to be examined tends to be extremely huge.
Neural Network
Neural network architecture comprises massively parallel adaptive processing elements with hierarchically structured interconnected networks. A processing unit of the artificial neural network has multiple input slots and a single out slot. The relationship between the input and output signals is usually formulated as follows [4] :
All the units of an ordinary multilayer neural network are formed into multiple layers-that is, an input layer, intermediate layers, and an output layer, with only feedforward connections between successive layers.
Practical Evaluation
To examine fundamental performances of the present an automated finite element system, it is applied to evaluate the PET bottles. Geometric modelers are utilized to define geometries of analysis domains. One of commercial geometric modelers, Pro-E is employed for 3D solid structures and analysis.
Properties and process pressures used in the analysis of only stretch and only blow are shown in the Table 1 . Since the viscosity of the preform is not precise, it is replaced by an arbitrary value. In this study, it is most important to examine the behavior of the PET, so interpretation of the correct value will be done later.
From the analysis results of the simplified model as shown in Figure 4 , it can be seen that the upper part of the preform extends along a narrow area. Since the upper surface area of the plunger is not sufficiently wide, so this behavior appears to be seen. Therefore, the upper surface area of the plunger should be increased later. The process pressure for the simplified model is 10 Bar, and the analysis results are shown in Figure 5 . As shown in Figure 5 , it can be seen that the modeling of the bottom part of the bottle is not completed. It was found that the process was not enough at 10 bar. Therefore, the process pressure should be increased later. Finally, the upper surface area of the plunger was widened to sufficiently contact the preform top, and the process pressure was 34 Bar. This is the pressure given by the actual molding machine. The analysis results are shown in Figure 6 .
As the plunger pushes the preform with sufficient process pressure, the thickness of the neck and bottom of the bottle is thick and the side of the bottle behaves thinly similar to the actual bottle. Therefore, it was understood that the label fused to the side of the bottle would be fused in a very short time under pressure from the neck of the bottle to the bottom of the bottle. 
Summary
A new automated finite element system for practical structures is described in the present paper. Interactive operations to be done by a user are performed in a reasonably short time even when solving complicated problems such as micro actuators. The other processes which are time consuming and labor-intensive in conventional systems are fully automatically performed in a popular engineering workstation environment. This developed system is successfully applied to the evaluation of performances of molding behavior of PET bottles.
